This paper discusses the problem of the Takagi-Sugeno (T-S) filter design form for a three level inverter drive system. A traditional filter always defines the noise in the infinite frequency domain, which results in low filtering accuracy. When the frequency of ranges of noises is known in advance, we can design the fuzzy filter in the finite-frequency domain where the fuzzy filter can estimate the rotor flux. The proposed fuzzy filter can get a better noise-attenuation performance. A three-level inverter drive system is designed and modulated by the space vector pulse width modulation (SVPWM) method. Noise sources with different frequencies are injected into the model to verify the effectiveness of the proposed method and then compared to simulations and experiment.
I. INTRODUCTION
The three-level inverter induction motor (IM) drive system is widely used in various industrial fields. Among them, the rotor flux orientation control method is generally adopted in new vehicles and computer numerical control(CNC) machine tools. The key factor of a drive control is the demand for high accuracy to obtain the estimated state variables, especially for high-voltage, high-power and highperformance drive systems, where the switching frequency for Insulated Gate Bipolar Transistor is in the frequency domain of several hundred hertz.
There are various noise sources in the system. Two of them are electromagnetic interference noise of inverters and measurement noise. These noises affect the system control accuracy. Many filter methods for state variables estimation have been proposed for this situation, where the noise sources affect the estimation accuracy of the state variables when preforming digital sampling. The rotor flux and speed are estimated with the load inertia unknown [1] . A Kalman Filter (KF) for state estimation of IM has been used successfully in [2] [3] [4] , and a Multiple Model Extended Kalman Filter for optimizationl as well as modeling the noise was developed in [5] . The KF method is a very effective way to deal with parameter uncertainties and noise. Luenberger observer is for estimating speed in the field weakening region [6] and for The associate editor coordinating the review of this manuscript and approving it for publication was Wenjie Feng. surface-mount permanent magnet synchronous motors from the perspective of a nonlinear observer is apprised in [7] . The aforementioned methods achieve excellent anti-interference performance. However, the KF is suitable for linear systems and needs complicated autoregressive correction techniques.
The KF method cannot be employed when a priori statistical information on the external noise signals are unknown. To address this issue, the H ∞ filter is introduced, in which the external noise signal is assumed to be energy bounded. Recently there have appeared a few results on H ∞ filter for T-S fuzzy system [8] [9] [10] [11] [12] . Among them, the fuzzy filter design is based on quadratic Lyapunov functions in references [8] [9] [10] [11] and basis-dependent Lyapunov functions in [12] . Moreover, a fuzzy filter is widely used for its nonlinear features that are independent from an accurate system model. This technique can reduce development and maintenance time [13] for problems which are suitable for high-order, nonlinear and strongly coupled systems such as IM. Because high-frequency noise during the measurement process can be filtered through Low-Pass filters, we assume that only low-frequency noises exist. In most three-level AC speed drive systems, high-frequency noise exists in the output voltage of the inverter and the frequency ranges of the noise is known in advance. Under this assumption, we design a fuzzy filter in FFD where the FFD l 2 gain γ is defined. Unlike conventional H ∞ fuzzy logic control strategy where the noise signal belongs to infinite frequency domain, the FFD l 2 gain γ in this paper is defined for the T-S fuzzy filter. The proposed filter can obtain a better noise-attenuation performance and receive a better signal observation. The output of the fuzzy filter is tuned by a proper weighting factor and fed into the three-level inverter by the SVPWM method. This paper is organized as follows. The discretization mathematical model using a forward Euler method is presented in section II. Then, the fuzzy filter principles in finite frequency domain are introduced in section III. The stability of a fuzzy filter is analyzed in section IV. A simulation experiment based on MATLAB/Simulink platform and a physical experiment are presented in section V. Finally, we conclude the paper in section VI.
Notations: We use standard notations throughout this paper. For a matrix A, A T , A * , A ⊥ denote its transpose, complex-conjugate transpose, and orthogonal complement, respectively. I denotes the identity matrix with an appropriate dimension. The Hermitian part of a square matrix M is denoted by He(M ) := M + M * .
II. DISCREATIZATION METHEMATICAL MODEL OF IM
The state equation of IM in the stator frame is shown in Formula(1) [5] , where σ = 1−L 2 m /(L r L s ) ; i sα , i sβ , ψ rα , ψ rβ are the stator current and rotor flux variables respectively; R s is the stator resistance, L s and L r represent stator and rotor self-inductance; T r is rotor time constant and ω represents the electric angular velocity of the rotor. The relationship between ω and rotor mechanical angular velocity ω r is ω = ω r · n p , where n p represents the pole-pairs number of IM. Let y k = i sα (k) i sβ (k) be the measured output of the system. Assuming T is the sampling period, then by Euler forward discretization method, Formula(1), is written as shown at the bottom of this page.
where, x k+1 is the state variable for the next sampling period
represents the discrimination stator voltage, and
III. PRINCIPLE OF FUZZY FILTER IN FINITE FREQUENCY DOMAIN
First, this section deals with the fuzzy filter principles in FFD, and later, the control law in FFD of the proposed method is derived. The other filter by the H ∞ method in infinite frequency can be given directly. The estimated state variables are the viewing rotor flux ψ rα , ψ rβ , where ω(k) is the nonlinear parameter in the state equation of IM. Therefore, the discrete-time T-S fuzzy models of IM with plant rules can be represented as:
where F i is a fuzzy set, x k ∈ R n are the state variables, y k ∈ R m are the measured outputs, z k ∈ R q are the state variables needed to be estimated, w k is the noise signal that belongs to l 2 ∈ 0 ∞ , A i , B i , C i , D i , L i are the system matrices with compatible dimensions, and r is the number of IF-THEN rules.
The premise variable ω (k) is measurable, and the relative details about this variable can be found in [13] . The fuzzy basis functions are given by:
where µ i (ω(k)) is the grade of membership of ω(k). In the following, h i (ω(k)) can be simply denoted as h i , with
Let ρ be a set of basic functions satisfying (5) . A more compact definition of the T-S fuzzy model is given by
The controller designed in IFD by fuzzy filter [12] is represented by
represent fuzzy-basis-dependent matrices, and will be determined later. If Formula (8) and
Formula (9) is established, as shown at the bottom of this page.
where * denotes the corresponding transposed block matrix due to symmetry and γ is a given constant. Assuming that there exists fuzzy-basis-dependent matrices P(h), J (h), H (h), Q(h), E(h), F(h) and constant matrices X , Y , S as well as scalarα 1 > 0, then two non-singular constant matrices could be obtained by Formula (10) , and the parameters of fuzzy filter (7) could be calculated by Equation (11), as shown at the bottom of this page.
While Formula (9) cannot be used directly, the literature [12] gives a method to convert it into a set of LMI constraints. The LMI inequality is given as formula (12), as shown at the bottom of this page, where i, j, l ∈ 1, 2, ... s , and
In this way, the fuzzy filter (11) would be formula (13).
Note that the matrices P(h), J (h), H (h), Q(h), E(h), F(h)
could be calculated by using the Matlab/LMI tools to solve the Formula (12). Combining these results, we have a filter by Formula (13), as shown at the bottom of this page, so the fuzzy observer design for IM in IFD is finished.
B. H ∞ FUZZY LOGIC OBSERVER IN FFD
The following fuzzy filter for the estimation of rotor flux in FFD is adopted, which is expressed in Formula (14).
where A f , B f , L f have the same definition with those in Formula (7) and another matrix M f , the measured output item, needs to be determined. Letx k = x T kx T k T , e k = z k −ẑ k , then according to Formula (6) with the addition of Formula (14), we can obtain the following filtering-error system:x
Letting γ > 0 be a given constant, then the filtering-error system, Formula (15), has a finite-frequency l 2 gain γ . When under zero initial condition, the inequality
holds for all solutions of Formula (15) with ω k ∈ l 2 such that the following hold: The fuzzy filter in FFD principle is shown in Figure 1 . The virtual frame shows the actual state of the motor. The other part is the state estimation block diagram of the fuzzy filter.
In the following, the filter design method in the low-, middle-and high-frequency domain are addressed in detail.
Theorem 1 (Low Frequency): Considering the fuzzy system (6), given a low-frequency range |θ| ≤ v l and a constant γ > 0. Assuming that there exist scalars p and q, matricesÂ fi ,B fi ,
where P > 0 represents the positive matrix. For all i, j, l ∈ {1, 2, . . . , r} satisfying the following two constraints which is shown in Formulas (21) and (22), as shown at the bottom of this page, where Then the fuzzy filter in FFD is given by (23).
Theorem 2 (Middle Frequency): Let us consider the fuzzy system (6), given a middle-frequency range v 1 ≤ θ ≤ v 2 and a constant γ > 0. Assuming that there exist scalars p and q, matrices W 1i , W 2i , W 3i , V 1i , V 2i ,Â fi ,B fi ,Ĉ fi , as well as symmetric matrices 
The fuzzy filter in FFD is given by (23).
Theorem 3 (High Frequency):
Let us consider the fuzzy system (6), given a middle-frequency range |θ| ≥ v h and a constant γ > 0. Assuming that there exist scalars p and q, matrices W 1i , W 2i , W 3i , V 1i , V 2i ,Â fi ,B fi ,Ĉ fi , as well as symmetric matrices
for all i, j, l ∈ {1, 2, . . . , r} satisfying (21) and
The fuzzy filter in FFD is given by (23). The IM T-S fuzzy model is the (14) and (15). Then if we know the frequency range of noise w(t), we can obtain the fuzzy filter in the form of (23) by the Theorem 1, Theorem 2 or Theorem 3. This analysis completes the the fuzzy observer design for IM in FFD.
Remark: In this paper, scalars p and q are introduced in the FFD filter design, which reduces design conservatism in stability analysis. And the proposed filter in FFD is more targeted than the filter in IFD, which can obtain better noise attenuation and flux linkage observation precision.
IV. STABILITY ANALYSIS OF FUZZY FILTER IN FINITE FREQUENCY DOMAIN
This section proves that the designed fuzzy filter in FFD can make the filtering-error system (15) asymptotically stable.
Lemma 1: Let us assume that the filtering-error system (15) is asymptotically stable. Letting γ > 0 be a given constant, then (15) has a finite-frequency l 2 gain γ , if there exists a fuzzy-basis-dependent matrix p(h) = p(h) T and a matrix Q = Q T > 0 for any h ∈ ρ, h + := (h 1 (ω (k+1) ), . . . h r (w (k+1) )) ∈ ρ such that Formula (26) holds, as shown at the bottom of the previous page, where
And 1) for the low-frequency range|θ| ≤ v l ,we have
2) for the middle-frequency range v 1 ≤ θ ≤ v 2 ,we have
3) for the high-frequency range |θ| ≤ v h ,we have
Note that h + denotes the fuzzy basis functions at the time instant k+ 1 and can be obtained by (4) , where ω(k) are substituted with ω(k + 1).
Proof: First, we consider the middle-frequency case and assume Formula (26) holds. Pre-and post-multiplying (26) by x T k , w T k and its transpose, we then obtain
Taking the summation from k = 0 to k = ∞, in view ofx 0 = 0 and lim k→∞xk = 0 (since (15) is asymptotically stable), we have
It can be easily verified that S is equal to the left-hand side of (19), and thus S is positive semi definite. Since Q > 0, the the second term on the left-hand side of (30) is nonnegative when (19) is satisfied. Hence, the Formula (17) is satisfied. Similarly, the result follows by choosing v 2 := v l and v 1 := −v l for the low-frequency case, and v 2 := 2π − v h and v 1 := v h for the high-frequency case. Thus, we complete the proof. The next step is to prove Theorems 1,2 and 3 based on Lemma 1.
Proof Theorem 1: Let us suppose that there exist matri-cesÂ fi ,B fi ,Ĉ fi ,D fi , W 1i , W 2i , W 3i , V 1i , V 2i ,and symmetric matrices
For all i, j, l ∈ {1, 2, . . . , r} satisfying (21) and (22). Then, we use these matrices and the fuzzy basis function h ∈ ρ to define the following functions:
and
By (21),(32),and (33), it is clear thatp(h) > 0,and
By the Schur complement, we can obtain the Therefore, according to Lemma 1, (39) gives a sufficient condition for the filtering error system with a finite-frequency l 2 gain γ . Then, we establish the stability of the filtering-error system (17).
By Formula (22), (32),(33), we can obtain Formula (40), as shown at the bottom of this page.
Based on Finsler's lemma, we can obtain
To this end, assuming w k = 0, then (15) becomes
Let us construct a fuzzy-basis-dependent Lyapunov function as
so (41) is equivalent tō
44) then, from lyapunov stability theory, the system (15) is asymptotically stable. The proof is complete. Theorems 2 and 3 are easy to complete the proof by following on similar lines of that of Theorems 1.
V. NUMERICAL SIMULATION AND EXPERIMENTAL RESULTS
In Figure 2 , the structure of the vector-controlled drive used in testing the performances of the flux methods is presented. This motor drive consists of an induction motor, a SVPWM inverter, some coordinate translators, a fuzzy filter and a speed feedback unit. We first investigate with a simulation test for a 1 kW IM by means of SIMULINK in order to illustrate to study the effectiveness of the algorithm against external noise. The nominal electrical parameters of the IM are shown in the Table 1 . In this simulation, the fuzzy filter control algorithm is developed as a S-function and then inserted to Simulink in the form of S-function block.
Because the high-frequency noise in the converters could be filtered through Low-Pass filters, we assume that only finite frequency noise sources exist. In this case, the frequency range of noise w(t) is between 0 and 100 Hz. In the
simulation, the given motor speed is 500 r/min, the given rotor flux linkage is 1Wb, the switching frequency is 10 kHz, and the sampling period is 0.0001s. The discrete-time nonlinear. System (3) can be approximated by the following T-S fuzzy model. Plant rule 1: If ω(k) isM 1 (ω(k)), THEN The membership functions i.e., M 1 (ω(k)), and M 2 (ω(k)) are given, respectively, by
By Theorem 1 (with p=1,q=3), we can obtain a filter in the form of (22) with the following parameters: The initial conditions are chosen as x(0) = 0 0 0 0 T . Figure 3 shows the speed waveform of IM drive system based on H ∞ fuzzy logic observer in FFD. Then, we inject a noise signal w(k) = sin(100T ). Figure 4 shows I sα add w(k) = sin(100T ). Figure 5 shows the estimation error of ψ rα , where the blue line is without filter, and the green line is obtained by the method given in Theorem 1, while the red line is obtained by the method fuzzy filter in IFD. It is easily observed that the fuzzy logic observer in FFD has a better noise-attenuation performance than the observer in IFD. Similarly, in most AC adjustable speed drive systems, high frequency noises exists in the output voltage of the inverter. Assuming the frequency of nosie w(t) is higher than 10 KHz and using theorem 3, we can obtain another fuzzy logic Observer. Figure 6 shows I sα add w(k) = sin(10kT ). Figure 7 showns the estimation error ψ rα for the sinusoidal noise signal w(k) = sin(10kT ). The figure 7 indicates that the fuzzy filter in FFD has a better noise-attenuation performance over the fuzzy filter in IFD. In this paper, the effectiveness of the proposed method is verified by the ''Power Electronics and Electric Drive Comprehensive Experimental Platform (Figure 8 )''. The result is shown in Figure 9 . The experimental results show that the fuzzy logic filter in FFD has a better filtering effect than the filter in IFD.
VI. CONCLUSION
This paper designs a filter in finite frequency domain for three-level IM drive System, which include various noises during the operation. In some case, we can know the noises frequency ranges beforehand. The paper proposed fuzzy filter in FFD has better noise attenuation performance and higher flux linkage observation precision. The simulation and experiment results prove the feasibility and effectiveness of the method proposed by this paper.
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